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INTRODUCTION
Recent biological attacks involving the ricin toxin have highlighted the need for a fast and reliable method for detecting bioterrorism agents. Tests for these toxins typically rely upon established biochemical methods, such as enzyme-linked immunosorbant assays (ELISA), and require a detection molecule that offers specific recognition to the target toxins. Antibodies have traditionally been used as the detection molecules for these methods. Today, automated detection methods are being developed for the continuous monitoring of high-risk areas such as airports, post offices, and government buildings. Recognition molecules for these devices must not only be sensitive and specific but also robust and capable of monitoring complex environmental samples over extended periods of time without significant loss of activity. Because of their absolute requirement of a complex, rigid conformation (three-dimensional structure) for binding activity, a conformation that can be easily compromised outside of physiological conditions, antibodies are not well suited for use as detection molecules in such devices. There are an ever-increasing number of laboratories investigating the use of small molecules towards these ends. Several recent studies, for example, have demonstrated that glycosphingolipids can be used for the sensitive and reliable recognition of certain protein toxins, including ricin, botulinum, tetanus toxin and cholera toxin.1-6 Small molecules offer several potential advantages over antibodies, including increased stability under ambient conditions, ease of orientation at the detector surface, and a large number of binding sites per unit area compared to larger antibody molecules.
An alternative approach for designing small molecule detectors is to identify a number of such molecules that bind the surface of a protein toxin and link two or more together in a manner to produce a multidentate, synthetic, high-affinity ligand with a very high specificity for the toxin target. Recent developments in computer modeling and computational methods for screening an enormously large number of small molecule structures for their ability to bind the surface of a protein target 7 facilitates the process tremendously, allowing such an approach to be manageable for the first time. Largely because of their size, the individual small molecules identified by these screening procedures usually bind only weakly the protein target. However, the free energy of binding for a multidentate ligand constructed from them is, in principle, the sum of the free energies of each small molecule alone plus a term owing to linking the small molecules. ' Linked compounds with less than micromolar dissociation constants can be obtained by linking two or more small molecules that each dissociate in the greater than micromolar range. 9 The binding affinity and specificity of the resulting ligand can be engineered to a large degree simply by selecting different small molecules to bind at least two sites on the protein toxin's surface.
By using extensive computer modeling along with spectroscopic methods, Balhorn and co-workers 0 -11 recently have identified nine different small molecules that bind the tetanus toxin (TeNT) surface. One of these compounds, doxorubicin, was found to have strong hydrophobic interactions with the toxin surface and was measured to have a 9.4 PM binding constant.
Lavendustin carbon atom sites and are adopted from the numbering scheme presented by Searle and co-workers. 12 TeNT and the seven serotypes of botulinum toxin are structurally and functionally related members of the family of clostridial neurotoxins. The toxins all selectively concentrate at the synapse of axons in vertebrate motor neurons and are the most potent toxins known to man. TeNT specifically targets inhibitory neurons within the central nervous system and spinal cord to cause a spastic paralysis, while botulinum toxins target peripheral sensory neurons resulting in flaccid paralysis. Both toxins are synthesized as single 150 kDa polypeptides that are subsequently processed into two chains held together by a single disulfide bond. Although the mechanism by which the toxins enter living cells is not fully understood, gangliosides have a high selective affinity for these neurotoxins, and it is believed that the initial step must involve the binding of the toxin to gangliosides located on the surface of the cell.' 3 TeNT has been shown specifically to bind gangliosides of the Glb series, GDlb or GTlb. [14] [15] [16] [17] The receptor binding subunit of TeNT is a 51 kDa polypeptide containing the C-terminal 452 amino acids of the heavy chain, more commonly referred to as the C fragment. 18 9 The last 34 amino acids of the TeNT C fragment (TetC, amino acid residues 875-1,315) are intimately involved in ganglioside recognition, with Hisl,293 absolutely critical for binding. 9 ' 20 Two TetC crystal structures show the toxin fragment to consist of two sub-domains, a lentil lectin-like N-terminal jelly-roll domain and a C-terminal P-trefoil domain; 2 ' see Figure 2 . The ganglioside binding site has been found to occur along one edge of the C-terminal 0-trefoil sub-domain. 21 The site is a common surface feature of the tetanus and botulinum toxins, and recent studies reveal that doxorubicin binds this site as well. This effort is a preliminary investigation of the processes associated with small synthetic ligands binding to large protein surfaces. Nuclear magnetic resonance (NMR) spectroscopy was used together with computer molecular modeling to examine the conformational changes in doxorubicin and lavendustin A associated with their binding to TetC. 13C NMR spin-lattice relaxation times (TI) were measured for specific carbon atom sites of the doxorubicin molecule for a detailed evaluation the conformational behavior of the ligand in solution. Additional conformational information was derived from nuclear Overhauser effect (NOE) enhancements measured for both ligands in solution by using conventional NOE spectroscopy (NOESY). Finally, the TetC-bound conformation for each ligand was inferred from 'H-1 H distance constraints derived from transferred NOESY (trNOESY) data and comparison to the NOESY data. 
Caution:
The ligands used in this study are hazardous and should be handled carefully. The antitumor drug doxorubicin is an inhibitor of reverse transcriptase and RNA polymerase, is an immunosuppressive agent, and intercalates into DNA . 24-2 " Lavendustin A is a protein tyrosine kinase inhibitor.:
Preparation of Ligand and TetC-Ligand Samples
In trNOESY experiments, the detection of intra-ligand 'H-'H correlations, when bound to macromolecules, is intimately related to the ligand concentration and macromoleculeligand molar ratio. Optimizing experimental conditions often includes evaluating a large number of samples, each with different ligand and macromolecule concentrations, at various experimental temperatures. Stock ligand solutions were prepared to simplify and facilitate the production of large numbers of trNOESY samples (containing one or two ligands and TetC), as well as NOESY samples (containing ligand only). Doxorubicin stock solutions were prepared by dissolving 4.2 mg of doxorubicin hydrobromide in 500 ptL of D 2 0. Lavendustin A stock solutions were prepared in deuterated DMSO because the ligand is only moderately soluble in water; 3.8 mg of crystalline lavendustin A was dissolved in 500 itL of the solvent. The stock solutions were typically stored at 4-8 OC for <6 months without detectable signs of degradation.
The sample yielding the highest trNOESY sensitivity for doxorubicin 'H-'H correlations when bound to TetC was prepared by first dissolving 2.8 mg of lyophilized TetC in 1.0 mL of D 2 0. The solution was centrifuged for 10 min in an Eppendorf microcentrifuge (Eppendorf AG, Hamburg, Germany) to remove insoluble material, and 740 [tL of the resulting supernatant was collected and combined with 60 piL of the doxorubicin stock solution to produce the final sample. The analogous NOESY sample was prepared by simply adding 60 PtL of the doxorubicin stock solution to 740 p.L of D20. Additionally, 600 tL of a 10 mg/mL doxorubicin sample in D 2 0 was prepared for 1 3 C relaxation time measurements.
The sample giving the highest trNOESY sensitivity for lavendustin A IH-'H correlations when bound to TetC was prepared by first dissolving 2.2 mg of TetC in 1.0 mL of Finally, a doxorubicin-TetC-lavendustin A sample was prepared for trNOESY competition assays. For this sample, 2.9 mg of TetC was dissolved in 1.0 mL of D 2 0, and after centrifugation of the resulting solution, 60 laL of the doxorubicin stock solution and 40 ptL of the lavendustin A stock solution were added to 700 jiL of the supernatant to generate the final sample. All ligand and TetC concentrations for the NOESY and trNOESY samples, as well as their ligand-TetC molar ratios, are outlined in Table 1 . All NMR spectroscopy was conducted at 11.75 Tesla, using an Avance DRX-500 spectrometer (Bruker-Biospin Corporation, Billerica, MA) with XWIN-NMR software (version 3.6) for data acquisition and processing. The spectrometer was fitted with a TCI probehead containing cryogenic 1H and 13C channels, a conventional ' 5 N channel, and an actively shielded z-gradient coil. A three-channel, 10-ampere Acustar II 3x10 gradient amplifier (Bruker-Biospin Corporation) was used to amplify gradient coil pulses, with all pulse timing controlled from the spectrometer pulse programs. Experiments were conducted at 20.0 ± 0.2 or 25.0 ± 0.2 'C, with the sample spinning at 20 Hz for one-dimensional experiments only. For two-dimensional spectroscopy, quadrature was used exclusively for collecting complex data in the direct dimension (t 2 ), while different phase cycling schemes used for the indirect dimension (fl) to generate complex data. All 'H decoupling used the WALTZ-16 composite pulse sequence, 2 ' and chemical shifts for 'H and 1 3 C spectra were referenced to external 3-(trimethylsilyl)-l -propanesulfonic acid.
One-Dimensional Spectroscopy and Relaxation Time Measurements
Conventional 'H free induction decay (FID) data of 16,384 complex points were summations of 32 acquisitions recorded with 10-12 ppm spectral windows, 900 pulse widths, and 5-9 sec relaxation delays. These were Fourier transformed directly into spectra and manually phase-corrected into pure absorption mode. For conventional 1 3 C 1H spectra, free FI D data of 65,536 complex points and 8,192 acquisitions were recorded using 220 ppm spectral windows and 20 sec relaxation delays. Data were collected with 900 pulse widths, or alternatively, quantitative 1 3 C1IH data sets were recorded with the sensitivity-enhanced Q-DEPT pulse sequence. 29 Recorded data were multiplied by an exponential window function with a linebroadening factor of 2 Hz before Fourier transformation into spectra and manual phase correction into pure absorption mode.
For the measurement of doxorubicin NMR relaxation times, natural abundance 1 3 C{ 1H NMR experiments were conducted on a nonspinning sample at 25.0 ± 0.2 'C. T, measurements were based on the inversion recovery pulse sequence 2 9 [180' -t -90' -aqusition] with 8 randomized T delays. Data sets from the accumulation of 65,536 complex points and 200 ppm spectral windows were obtained form the summation of 5,000 FID signals, with relaxation delays of at least five times the longest protonated 13C T, value. FID data sets were apodized with a line broadening factor of 5 Hz before Fourier transformation into spectra and phase correction into pure adsorption mode. T, values were derived from fitting spectral signal 30 intensities as a function of T to single-exponential expressions.
COSY and HSQC Spectroscopy
IH-' H correlation spectroscopy (COSY) was used to assign 'H signals to specific protons of doxorubicin. In particular, scalar-coupled proton pairs were identified with a COSY pulse sequence using a pulsed-field gradient, double-quantum filter. Quadrature was achieved in the indirect dimension by using a time proportional phase incrementation (TPPI) phase cycling scheme 3 1 to collect data sets contained 4,096 free induction decays, each with 8,192 complex points from two data accumulations using I sec relaxation delays to give a final 4,096 real X 8,192 complex (t, x t 2 ) data matrix. Spectral windows of 6.4 ppm were used in both dimensions. The t2 FID data were zero-filled to 16,384 complex points, then apodized with a line-broadening factor of 0.5 Hz before Fourier transformation. The resulting tj free FID data were zero-filled to 8,192 real points, apodized with a 1.5 Hz line-broadening factor, and finally Fourier transformed into a spectrum of 8,192 X 8,192 (/ x./2) real points.
Protons were correlated to their directly bonded carbon nuclei to facilitate the assignment of 'H and 1 3 C signals of doxorubicin and lavendustin A to their respective nuclei. One-bond, 'H-1 3 C correlations were determined with a HSQC pulse sequence using an echo/antiecho-TPPI gradient scheme.
32-34 A 1,024 X 8,192 complex data matrix was collected with 64 'H acquisitions per tj increment using 2 sec relaxation delays. The spectral widths used were 6.4 ppm in the 1H dimension and 220 ppm for the indirect, 3C dimension. 1H data were apodized with a 4 Hz line-broadening factor before Fourier transformation. For 1, data points were extended to 4,096 complex points by linear prediction before multiplication with a sinesquared window function and final Fourier transformation into a 2,048 X 4,096 real spectrurn.
NOESY and trNOESY
NOESY data sets were recorded with a pulse program incorporating gradient pulses during the mixing time 35 and quadrature in the indirect dimension by using a States-TPPI scheme. 36 Experiments with ligands in the absence of TetC were conducted with 900 msec mixing times, while those with ligands in the presence of TetC were conducted with 200 or 300 msec mixing times. Long mixing times are necessary for the detection of NOEs for molecules <1-2 kDa because the product of 0wo (2r x spectrometer operating frequency) and tc (rotational correlation time) is < 1 (ao0tc<l); in contrast, shorter mixing times are required for larger molecules or small molecule ligands binding to macromolecules because wotOC> I. 3 Data sets were collected as a 300 x 1,024 complex matrix using 7.0 ppm spectral windows in both dimensions. Each t 2 FID resulted from 64 acquisitions with 2 sec relaxation delays. The t2 data were multiplied by a sine window function before Fourier transformation. The resulting FID data were extended to 600 complex points with a linear prediction algorithm, multiplied by a sine window function, and finally Fourier transformed into a 600 x 512 real spectrum.
3
RESULTS AND DISCUSSION
Assignment of Ligand 'H and 1 3 C Signals
The NMR signal for each 'H and 13C atomic site of doxorubicin was unambiguously identified by using routine NMR spectroscopy along with COSY and HSQC techniques. This is required for the interpretation of NMR data in terms of molecular conformation and dynamics. All results are summarized in Table 2 . *Numbering schemes for all atomic sites are illustrated in Figure 1 .
NMR Relaxation and Conformational Flexibility
Except in a very few special cases, relaxation times of 1 3 C nuclei in '1CH, groups (N>0) are dominated by dipolar interaction with their directly bonded protons (the 1H and C nuclei are dipolar-coupled). Because the C-H bond length remains constant from molecule to molecule, 13C relaxation times are a reliable probe of molecular mobility. 13C relaxation times are normally measured with full 1H decoupling to saturate 1H signals. Under this condition, it is possible to account for NTI values of a 1C nucleus in a 1 3 CHN group with models for explicit molecular motions. IH-decoupled T, values were measured for 12 protonated carbon atom sites of doxorubicin. Values were measured at a 13C resonance frequency of 125.77 MHz. These values are listed in Table 3 with their corresponding NTI values for direct comparison. All T, data are accurately described with single-exponential expressions, indicating that 1 3 C relaxation at each of the sites is dominated by a single mechanism. The NTI measurements fall between 130-1,400 msec with that for the site on the aromatic ring system (position 2 in Figure 1 ) significantly shorter than the others. This suggests that relaxation at sites on the aromatic ring system is dominated by molecular tumbling, and relaxation at other sites have additional contributions from conformational motions (rotation about dihedral angles). To a first approximation therefore, the conformational behavior of doxorubicin in solution appears to be a composite of a rigid aromatic ring system, ring librations for the cyclohexane (positions 7, 8, and 10, Figure 1 ) and carbohydrate rings (positions 2-6), and segmental motions for the pendant C(O)CH 2 OH group (position 14). 
NOESY and trNOESY Analysis
'H-'H NOESY experiments were used to derive interproton distance information for doxorubicin and lavendustin A in solution at 20 'C. Because these ligands are expected to be conformationally flexible under these conditions, the interproton distances are most likely timeweighted average distances. Our relaxation time measurements can be used to unravel the conformational motions giving rise to the time-weighted average distances. The 1H-'H trNOESY experiments, on the other hand, were used to derive interproton distances for both ligands when bound to TetC. Interproton distance information deriving from the trNOESY data reflects the bound conformations of their ligands. TrNOESY is a special case of NOESY used to measure the NOE enhancements for nuclei residing on small molecular ligands when bound to a large macromolecule such as a protein. The ligands must weakly bind the macromolecule so that they remain bound over a very short timeframe. NOE enhancements are destroyed by 7'2 relaxation when ligand residence times are long, and enhancements cannot build-up with insufficiently short residence times. The TrNOESY technique relies on the differences in rates of magnetization transfer between protons of a ligand when free in solution and when bound to a macromolecule. Under the appropriate conditions of ligand binding, the relatively faster transfer on the bound ligand can be exploited to measure bound NOE enhancements, reflecting interproton distances for the bound ligand. These are typically positive enhancements and appear in TrNOESY spectra with positive intensities (intensities point upward). In contrast, enhancements between protons on ligands free in solution are almost always negative (intensities point downward), making them easily distinguishable from bound ligand enhancements.
Representative NOESY and trNOESY data are shown in Figure 3 , where the same sub-region of the NOESY spectra for doxorubicin ( Figure 3A ) and lavendustin A ( Figure  3B ) are compared with the corresponding region of the trNOESY spectrum for the doxorubicinlavendustin A-TetC complex. A change in sign (positive or negative) for lavendustin A NOE correlation intensities upon TetC binding is evident from a comparison of Figures 3B and 3C .
The lavendustin A NOESY spectrum contains weak negative correlations ( Figure 3B , shown in red); however, the addition of TetC results in the same correlations changing their sign ( Figure  3C , shown in black), indicating that lavendustin A binds to TetC. Such sign changes were not observed for doxorubicin ( Figure 3A ), most likely a consequence of the larger doxorubicin molecule's slow tumbling rate prohibiting negative NOE enhancements under the experimental conditions of temperature and magnetic field strength. This is supported by the doxorubicin NOE correlations (D-free in Figure 3A ) increasing in intensity upon TetC binding (D-cx in Figure 3C ). Moreover, Figure 4 illustrates that the chemical shifts for the doxorubicin NOE intensities (their exact location in the NOESY and trNOESY spectra) change upon TetC binding as well. Collectively, the two figures demonstrate that doxorubicin and lavendustin A bind to TetC, and therefore, tetanus toxin as well at different sites. 'H-'H distance constraints were extracted from the NOE correlations shown in Figure 3 , as well as those from other trNOESY spectra, to determine the rigid conformations for the ligands when bound to TetC. The binding sites for these ligands were also determined from computer docking experiments with the rigid, TetC bound conformations of the ligands and the TetC molecule (The docking experiments found the orientation and position of the ligand on the TetC fragment with the lowest potential energy). The results of these efforts are summarized in Figures 5 and 6 , which are computer-generated images of the doxorubicin and lavendustin A ligands, respectively, bound to TetC. Doxorubicin was found to bind at the same tetanus toxin site as other small ligands, including lactose, which is located in the tetanus toxin P-trefoil folding domain. This is a common surface feature found for the tetanus and botulinum toxins (both are in the family of clostridial neurotoxins). We found the tetanus toxin site for lavendustin A binding to reside on the jelly-roll folding domain, not far from the doxorubicin binding site. Both sites can be described as cavities or pockets in the toxin's surface. 
CONCLUSIONS
Today, there are an ever-increasing number of laboratories investigating the use of small molecules for the design and construction of molecular detectors and biosensors for protein targets. To understand the processes associated with small synthetic ligands binding large protein surfaces, NMR spectroscopy was used to examine the conformational changes ill doxorubicin and lavendustin A upon binding to TetC. 13 C T measurements suggested that to a first approximation, the conformational behavior of doxorubicin in solution appears to be a composite of a rigid aromatic ring system, ring librations for its cyclohexane and carbohydrate rings, and segmental motions for the pendant C(O)CH 2 OH group. Such conformational flexibility is typical for small molecules and can be expected for both ligands. trNOESY experiments indicated that both ligands adopt rigid conformations when bound to TetC, and as previously demonstrated, 7 " 10 each binds a different site on the TetC surface. Experiments are ongoing to measure doxorubicin 1 3 C{ 'H} spin-spin relaxation times (T2) and steady state NOE enhancements to understand more details of the ligand's conformational flexibility in solution and its contributions to the ligand-TetC binding process.
